Permanent attributes of timber harvesting are a number of potential environmental risks, each of which can cause significant damage to the environment. The intensive development of technology and the improvement of industrial production processes have led to a significant increase in technogenic impact both on increasing catastrophic natural disasters and on the global climate change formation. The adoption of the World Environmental Constitution by all the states would be an effective means of regulating and minimizing these negative processes. Timber harvesting is one of the most dangerous types of technogenic impact on the forest environment, as the forest stand, young growth, natural watercourses and soil are damaged during logging and transportation. However, the degree of the negative impact of timber harvesting can be reduced to an ecologically acceptable level, and technical indicators of the use of timber-hauling machinery can be brought to economically feasible values by properly assessing the intensity of the environmental risk of taking a decision on certain technical and technological issues and the implementation of environmental management of this process. The article presents some approaches to the creation of GIS spatial planning model of transport development of forest-exploitation area based on the cost estimation of timber skidding considering technogenic impact of forest machines. The development of the model of forest transportation planning is a complex task. In order to solve this task, the system under investigation should be divided into separate interconnected modules, each acting as its own model: the models for forest transportation planning, the database, formulation of the task, the results of modeling, an analysis of transport movement possibilities, an analysis of environmental damage, the assessment and improvement of the existing forest road network. Concerning the proposed model and methodology that is based on the analysis of potential environmental risks associated with the rutting and cost-assessment of timber skidding, we have obtained the model map of environmentally-acceptable types of timber-hauling machines for a real forest exploitation area, the Rozhanka forest district, the Slavsk State Forestry Enterprise in particular. The proposed model makes it possible to substantiate environmentally safe and economically feasible ways of skidding, estimate the ratio of transport development of a forest area using various terrestrial technical means (wheeled and crawler tractors or cable systems), as well as to outline the possible occurrence, intensity and spread of environmental hazards associated with timber harvesting.
Introduction
The intensive development of technology and the improvement of industrial production processes have led to a significant increase in technogenic impact both on increasing the number of catastrophic natural disasters and on the global climate change formation (Braun, et al., 2000) . The adoption of the World Environmental Constitution by all the states would be an effective means of regulating and minimizing these negative processes (Тunytsya, 2002) . The idea of the WEC was formally presented on behalf of the President of Ukraine at the 63rd session of the General Assembly of the United Nations in September 2008.
Timber harvesting is one of the most dangerous types of technogenic impact on the forest environment, as forest stand, young growth, natural watercourses and soil are damaged during logging and transportation. However, the degree of the negative impact of forest harvesting can be reduced to an ecologically acceptable level, and technical indicators of the use of timber transport can be brought to economically feasible values by properly assessing the intensity of the environmental risk of taking a decision on certain technical and technological issues and the implementation of environmental management of this process. 
Formulation of research problem
The intensive development of technology and the improvement of industrial production technology have led to a significant increase in technogenic impact both on increasing the number of catastrophic natural disasters and on the global climate change formation (Braun, et al., 2000) . The adoption of the World Environmental Constitution by all the states would be an effective means of regulating and minimizing these negative processes (Тunytsya, 2002) . The idea of the WEC was formally presented on behalf of the President of Ukraine at the 63rd session of the General Assembly of the United Nations in September 2008.
Timber harvesting is one of the most dangerous types of technogenic impact on the forest environment, as forest stand, young growth, natural watercourses and soil are damaged during logging and transportation. However, the degree of the negative impact of forest harvesting can be reduced to an ecologically acceptable level, and technical indicators of the use of timber-hauling transport can be brought to economically feasible values by properly assessing the intensity of the environmental risk of taking a decision on certain technical and technological decisions and the implementation of environmental management of this process.
Analysis of recent research and publications
A number of works by both Ukrainian and foreign scientists is devoted to the modeling of the forest harvesting process considering environmental risks. In particular, there are many well-known models for analyzing the profile maneuverability of timber-hauling vehicles (Suvinen, 2004; Borys, 2010) , their impact on the environment (Adams, Visser Rien & Prisley, 2003) , the efficiency of the road (skidding) network (Yoshimura, 2005) , cost estimation of technological operations (Dykstra, 2003) , or scenario planning of timber harvesting (Lutni, 1998) . The disadvantage of most of them is that they relate to the operation of only certain parts of the forestry resource such as forest machines or transport network. There is also a lack of a comprehensive approach to substantiation of environmentally acceptable and at the same time economically feasible harvesting technology. But the most important thing is that none of the known models has been adapted to the forest exploitation conditions of Ukraine.
Purpose of work is to develop a GIS model that can be used as a tool for strategic (long-term) and tactical (short and medium-term) solutions in spatial planning of timber harvesting.
Main results of the study
The development of the model of forest transportation planning is a complex task. In order to solve this task, the investigated system should be divided into separate interconnected modules, each acting as its own model (Fig. 1) .
The structure of the model for timber transportation planning. Timber transportation, especially in mountainous terrain, is one of the most expensive and environmentally hazardous technological operations in the production process of timber harvesting. There are three known fundamentally different ways of timber transporting technologies of mountain logging (Styranivsky & Styranivsky, 2010) . They are as follows: terrestrial (skidding trails), cable ways and aerial (aircraft). A decision on the choice of a terrestrial type of forest machine can be taken only for a specific harvesting strategy, taking into account the maneuverability of the forest machine, the degree of its negative impact on the environment, the cost of road construction, operating costs, etc.
The main task of forest transportation planning is to decide on the possibility of using terrestrial, cable or air transportation technology for timber. We can solve this task by simulating alternative variants of transportation development of the forest area and finding an optimal concept provided that the quantitative indicators of environmental damage and the cost of timber harvesting are minimized (Bybluk, et al., 2000; Skoupy, 2000) .
The Database includes digital models of items such as terrain, a forest roads network, soil conditions, as well as information on engineering structures, industrial facilities, tourist and recreational attractions, forest management data, main technical and operational parameters of forest machines, structural and technological limitations of their use, and also some options for timber harvesting strategies.
The interface of the "Formulation of the Task" module should include a set of pages where the user will be able to specify the types and parameters of existing forest vehicles, identify the forest-exploitation area, select a logging strategy and types of assessible environmental risks.
The results of modeling can be presented as a model map of environmentally acceptable and economically feasible types of forest vehicles for a given forest-exploitation area, or in the form of graphical or tabular information.
Analysis of movement possibilities. The ability of a forest machine to move off-road is determined by its maneuverability. It is one of the most important operational characteristic of a forest machine, which can be supporting and geometric. The supporting maneuverability is characterized by the strength of tractive resistance and the total traction force, which determine the ability of the machine to move in the certain road conditions. Geometric maneuverability is related to the geometric parameters of a forest machine and characterizes its ability to overcome various obstacles in the form of stumps, moans, debris, as well as the ability to maneuver among trees or pits, etc.
Most models for estimating the possibility of vehicles movement are based on the traction balance equation. As a result of the calculation, the value of the deviation, in which the process of motion reaches the boundary state, is deter-mined based on the equality of the moving forces and tractive resistance forces.
The conclusion about the possibility of movement according to the indicators of geometric maneuverability is made on the basis of comparison of the clearance k, the base B and the width W of the forest machine and the parameters of the unevenness of the supporting surface (the height of the obstacle h and the distance between them l).
The process of modeling and evaluation of movement possibility of the forest machine in the given conditions of operation is described in detail in the paper (Styranivsky & Pоlovyj, 2008) . The module "Analysis of movement possibilities" (Fig. 1 ) applies only to terrestrial forest machines.
Analysis of environmental damage. Geomechanical disruptions can cause the most dangerous damage to the environment as a result of mechanical timber harvesting. They can be classified into five main categories (Styranivsky, 2004) such as soil erosion, rutting, soil consolidation, slope land sliding processes, and surface damage as well.
The intensity of these damages depends to a great extent on the soil-hydrological (bearing capacity and soil surface moisture), topographical features of the terrain, the presence of surface decks (forest litter, grass cover, snow) and even the temperature of the atmospheric air. However, all these types of environmental damage indirectly depend on the ability of the soil surface to withstand external stresses from the forest engine drive without breaking or deforming, that is, counteracting the potential process of rutting formation As the characteristic of the forest soil surface deformity, we recommend to take an equivalent E ekv module of deformation and calculate the depth of the tracking rut for the multiple passage of a forest machine by using the following dependences (Borys, 2009; Styranivsky, 2014) :
where р max is the maximum pressure on the soil surface; E g is the module of soil deformation; k k is an empirical coefficient that characterizes the strengthening of the soil surface by surface decking; Е d and h t are respectively, the deformation module and the thickness of the surface layer. When analyzing and assessing the potential for rutting formation, it is necessary to take the size of the road clearance (the limit of the technical mobility of a forest machine) as the permissible limit in terms of economic expediency, and from the point of view of environmental safety -the depth of the damage, which corresponds to the possibility of restoring the forest environment to an environmentally sustainable state (Fig. 2) .
Assessment and improvement of the existing forest road network. The level of technogenic impact on the forest environment and the cost of timber harvesting operations depend on the excellence and technical state of the forest transport network. On the one hand, a forest road, as an engineering structure, has certain ecological risks for the environment that need to be minimized in the course of its construction. On the other hand, timber transportation by forest roads with the help of forwarders will always have ecological and economic advantages compared with the skidding via timber transport routes that are primitively equipped. In order to assess the existing forest road network, we have developed a special method (Styranivsky, 2005) , which consists of a series of sequentially performed actions and operations aimed at identifying qualitative and quantitative indicators as well as defects of the existing infrastructure. As an assessment criterium, we have taken the indicator of the relative transport accessibility D (table), which is determined by the ratio of the accessible area to the total area of the forest-exploitation site. An example of assessment of transport accessibility to forest-exploitation area is shown in Fig. 3 . In case of poor transport accessibility D < 65 %, you need to plan the expansion of the forest road network, using the procedure of automatic tracing of the forest road on a digital terrain model (Styranivsky, 2006). The main reason for the expediency of expanding the forest transport network is achieving certain economic benefits:
where В B and В P are the cost of timber skidding, respectively, in the basic (existing) and the project (extended) forest road network.
When determining the total cost of timber skidding under the project variant of the В P , along with the cost of timber skidding В we also take into account the cost of expanding the forest road network:
where І is costs for construction and operation of 1 m of the forest road, UAH/m; G P and G B are density of the road network according to the project and basic variants, m/ha; S is the forest area, ha; I V is capital costs for laying 1 m of skidroad, UAH/m; l V is the length of skidroad, m.
Concerning the proposed model and methodology that is based on the analysis of potential environmental risks associated with the rutting formation and assessment of timber skidding, we have obtained the model map of environmentally acceptable types of timber-hauling machines (Fig.  4) for a real forest-exploitation area, the Rozhanka forest district, the Slavsk State Forestry Enterprise, in particular. 
Conclusions
The proposed model enables substantiating environmentally safe and economically feasible ways of skidding, estimating the ratio of transport development of a forest area using various terrestrial technical means (wheeled and crawler tractors or cable systems), as well as outlining the possible occurrence, intensity and spread of environmental hazards associated with timber harvesting.
